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ABSTRACT 


tiemeavstoloezical Ssemsation of hearing can be stimulated 
Pleo wancormianing current applied to the head using small 
-lcocwmeeeo,. Ine Major disadvantages of systems of this type 
have been the large magnitude of driving voltage required, 
~ 100 to 4000 volts, and the magnitude of power dissipated in 
tmewm@eea, ~ | watt. 

ime sob) JeCctlives  Olewpne paper were Co investigate the basic 
phenomena and to attempt to find a low power method for 
maeeauclion. 

Previous successful experiments were reproduced during 
ene Deasic InvestaSarion Dnase. selected combinations of 
Signal types and electrodes were then tested. 

An extremely low power mode of operation was found and 
documented. Threshold values for a single tone were found so 
be in the order of 1OWA at 10yWatt making an extremely small 


mew Ces. Hearing aid a possible application. 
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Te eRODUCTION 


Wereall the Organs of the body, few adtcomplish as much 
Mimsemimrele Space aseeme Gar. If an engineer were to du- 
plicage eee ine ctont Heewoulcd have CO compress into approx-— 
imately one cubic inch a sound system that included an 
impedance matcher, a wide-range mechanical analyzer, a mo- 
bile relay-and-amplification unit, a multichannel transducer 
wo Convert mechanical energy to electrical energy, a system 
to maintain a delicate hydraulic balance, and an internal 
Qeo-Way COMmMUnications system. Even if he could perform 
Goemmrracle Of Mameracurization, he probably could not hope 
CO Mavehethe ear"s = periormance. It can set itself to hear 
Pies LOW ethrob Ci@ammoernorn at one end of its range and tie 
piercing wail of a jet engine at the other end. It can make 
the fine distinction between the’ music played by the violin 
mcd thesveola Sseeuuens Of a symphony orchestra. It can re- 
eCemeiemoawboupeon a2 cocktail party while picking out a 
single familiar voice. Even during sleep the ear functions 
with incredible efficiency: because the brain can interpret 
andesecterersctenals passed to it by the ear, a man can sleep 
soundly through noisy traffic and the blaring of a neighbor's 
television set - and then awaken promptly at the gently 


urging of a chime alarm clock." [Ref.1] 





Mae physiological semsation of hearing can be stimulated 
De eee berMiabing current applied to the head using small 
electrodes. In this thesis, this phenomena shall be called 
"EFlectrophonic Hearing." 

ifeomopyecULlVes Of @umEsS Daper are: 

1. To investigate the basic phenomena. 

Peele Invesuleave=omresnold levels for various 
electrical signals. 

pelo: InVeStigaucescnreshold levels for various electrode 


Comememrations and compositions. 


4, To attempt to find a low power mode of operation. 


A communications head set utilizing this phenomena in a 
Mewar power mode sececuld have the following advantages: 

ie CecCOUlemuCmm~tcit, yet completely seli-contained 
Operating from a Pehl bawuvery . 

2. It would be reliable since it would have few parts, 
mene Cileaywmren are moving. 

eee lrierty Of circuitry, design, and manufacture 
would make such a set relatively inexpensive. 

4. It has been shown that this type device could 
enhance normal hearing in high noise environment when used 
With ear plugs and suppressors [Ref.2]. 

5. Military watch standers who must wear standard 


Meadsees Over theim cars for any length of time would 





welcome these devices which could be worn comfortably 
behnmme the ears 

6. It would greatly improve the ability of a man to 
Camron a2 normal conversation while guarding a radio net. 

ls All things considered, it might become a logical 
repleecment forethe Standard Navy "headset. 

8. It would be a logical and efficient replacement for 
all types of bone conduction type hearing aids. 

Memce, an investigation was launched to attempt to apply 
View omecrrennenic pmewemena in the solid state range and to 
Ge2tse a configuratiem to provide the above listed 
advantages. 

At present, there are two "systems" which use this effect 


for communications. One is tne "NAACH," (non accoustic audio 


Q) 


coupling to the head), a product of NADC, Johnsville [Ref.3]. 


The basic system is shown below. 


ELECTR Gow > 





Figure 1. Non Accoustic Audio Coupling to the Head [Ref.3] 





The audio amplifier provides up to 4000 V of audio signal, 
Pao eetic DEC. pewer supply provides =~ 230 volts bias. 

The input power to the head is in the order of watts and 
is coupled capacitively tnrough two electrodes both covered 
With 35 mil dielectric material. The magnitude of the 
mel veges and power preetude the use of this system aswa 
Seer—contamned unit. 

The second of the two units is the "Transdermaphone," 
Dualit by Skinner of the Naval Postgraduate School [Ref.4]. 
ite aeewmee owamnellloweonvwof the researeh of Puharich 
(Ref.2] and is very similar in operating parameters to the 
research instrument which Puharich has now made commer- 


cially available.1 


The "Transdermaphone"” provides audio 
modulation uf a 100 ke carrier. The drive voltage jis = 400 


volts to two electrodes covered with 1/2 mil of milar. 










AMPLITUDE 


MODULATOR AMPLIFIER] © 






AUDIO 
SIGNAL 
SOURCE 


Figure 2. Transdermaphone 


1 Intelectron Corp., 432 W. 45th Street, New York, New 
Meme 10036. 
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ime tnpuGt power to the head 1 again in the order of 
Waves. the bulk of the circuitry and components reared 
DreemuGe the possibility of a compact, self-contained 
package. 

Wie review of previous research shows that the above, 
emoeweeweral different methods, nave yielded some success, 
and that further investagetion of the phenomena might lead 
rOm@ermmvechMiIgques, parvifeularly directed to much lower 
power requirements. 

Before proceeding further it 1S necessary to have a 
Domne Working knowledge of the operation of the ear. This 


merormation is conteined in the following seetion. 


a. 





Ii. BASIC OPERATION OF EAR 


The ear may be divided into three parts: the external 
ear, the middle ear, and the Sualeergae ear. 

The external ear consists of the pinna and the external 
auditory meatus, the latter a tube closed at one end by the 
tympanic membrane (ear drum). 

The middle ear is made up of the tympanic membrane and 
mienOsslcular chainse-consisting of the malleus, ineus, and 
stapes. These elements are small bones contained within the 
freremee = car Cavity. His air-filled cavity in the temporal 
Dene is Normally closed, although it may be equalized to ex- 
ternal pressure via the eustachian tube, Fon opens to the 
twee vireo == riusS, mormaily, im spite ct the local 
atmospheric pressure, the tympanic membrane i not have a 
bias pressure due to-a difference in the pressure inside ard 


outside the middle ear. 
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bere 3. Tijlwustration of Ear 
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ie ampeant ce membrane 1S a flexible structure which 
eteses Vhe external auditory meatus. Rigidly attached to this 
memerane is the malleus. 

Mae Walleus is in Gurn attached Co the incus, which is 
Bee nui areacned CO, and transmits motion to, the stapes. 
This mechanical lever system acts as a pressure transformer 
Pervecm one external@and internal ear. This transformer ac- 
tion is quite important as the tymvanic membrane is a pres- 
wa eeonsaulcer Operas in air, while the stapes, which 
drives the oval window of the cochlea, is a transducer oper- 
Geeeeewone a liquid. == fnus Che tympanic membrane and the ossi- 
cles provide an efficient impedance match between the two 
mediums, air and liquid. 

Tne internai ear is located within the temnoral bone 
BOC sas iieacde Up Of @ewo connected parts, the semi-circular 


canals and the cochlea. 


7 Molleus 2 Semeirculor conols 
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Figure 4. Illustration of, Inner Ear 
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The cochiea consists of a spiral cavity containing 
feud. Beriveus membranes, and the sensory elements of sound 
detection. The cochlear cavity is coupled to the middle ear 
Peet wemwepenames, Or windows, in the bone. These openings, 
the oval window, and the round window, are each closed by a 
flexible membrane in the window which isolates the middle and 
internal ear. The stapes of the ossicular chain is attached 
to the membrane of the yadeadindex as previously described. 
The round window and its membrane serve as a pressure relief 
Pimeoaemcochlea. 

The spiraied cavity of the cochlea is divided along 
weer ie tes ecnuire Vemarh by the cochlear duct. This flex- 
ibe enclosure lies between two additional chambers, or 


sealac. 
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Pees. Cross section of Cochlear tube 


These two chambers are the seala vestibuli, bounded at the 
bottom end by the oval window, and the scala tympani which is 
bounded by the round window. At the top or apical end of the 


cochiea there is an area where the cochlea duct is not present 


i4 





mee yiemeNwOo S@ataecware cOnmected directly together. This is 
the helicotrema. The helicotrema prevents a fixed pressure 
from existing between the two scalae and thus across the 
eeehitear duct. 

ite seeecnteareauer 25 # tSete filled with fluid and made 
up or bounded by the two membranes, Reissner's membrane, and 
the basilar membrane. It is in the latter membrane that the 
sensory SUructUres eteEne Ger are imbed@ed. It is the char- 
Sememisti1c of the ecoehiear duct, and especially of the basi- 
tereawemoranc, that determines the frequency localization 
Ciemackeristics alone the cochiea. 

At this point it is possible to trace the auditory signal 
ivemeitsesource tova signal from the cochlea. Sound vibra-- 
tions strike the head and pinna, traverse the external 
meatus, and excite the tympanic membrane. Movement of the 
tympanic ey: causes motion of the stapes through the 
mechanical linkage of the ossicles. When the stapes moves 
he Imeulees tinid metLion causing a sequence of traveling 
Mier eSebeomuroaverse the scalae and excite the cochiear duct. 
ius mec tem SxXcCites Che sensory receptors within the cochlear 
duct and causes a neural output. 

Meemeooetrcar Gwe, has roughly ya triangular cross section 
end expec kaon the basal end to the apical end of the 


cochiea, where the helicotrema is located. 
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Figure 6. Inner Ear with Unspiralled Cochlea 


Wit scalde Veotmourl and the scalea tympani are filled 


tiemeoerilymph, aviiuid having a density and a coefficient 


See viscOsiLvy abouv tne Same as bloodephasma. The cochlear 


meaepmconvalns ecndolwmpns 2a heavier, more viscous fluid. The 


- 


DaSsilar membrane 1S a fibrous, thick elastic membrane ex- 


Fevdihe trom thesbeny shelf to tme spiral ligament. Reissner's 


membrane is very thin and flexible [Ref.5]. 


Diememescimon Corti, lying on the basilar membrane, con- 


Gave owouL 20,000 hair cells with each cell containing four 


or five hair-like elements. One end of eacn of these hairs 


wai mommcomeme che retrcular lamina to the tectorial 


membrane and is embedded there. ‘ 
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Figure 7. Organ of Corti 


Mime ccorial Membrme 15 cémposed of a system of diagonal 
fibers and a jelly-like material that yields to show move- 
Ments, but is resistant to quick movements. It is hinged at 


“7 


eee Saee [{[Ner.5]}. 

Motion of the basilar membrane creates a shearing action 
between the tectorial membrane and reticular lamina. This 
shearing motion bends the hairs. Associated with each hair 
Pao cemoory Celis an’ the Organ of Corti. The sensory cells 
respond to the bending of the hair with electrical potential 
We Weecegrenmean turn are translated into action potentials 
carried to the brain via the VIZTI®A Cranial nerve. 

In View process of Paeeeiesiie the aceoustical waves.ean 
analog electrical signal is developed in the cochlea. By 
placing electrodes on the round window and the oval window, 
a voltage waveform may be observed which is of the same fre- 


quency and magnitude as the impinging sound wave. Thus tne 


cochlea acts as a microphone [Ref.5]. 


alni/ 





On the other hand, the train of action impulses deli- 
eee vOnEae Drain a5emeu an analog Signal, but consists of 
eeoeaMemee ol pulses. — Ihe repetition rate of these pulses 
fa Peameow Trequencies OF Stimulation in the low range of 
one Nears “speetrum. 

pem@ee at Individual nerve fiber can not conduct more 
wien = LO@O™pullses per seeond, thie’ one to one correspondence 
Starts to break up at = 1000 HZ anc no longer holds above 


= sou iz. 
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Pit comeerOlNOGLOCAL HISTORY OF 


_ ELECTROPHONIC/MICROPHONIC RESEARCH 


Over the years many authors have researched the inter- 
esting phenomena of electrophonic audio stimulation. 

[eworrea lily, Veltamwas the first to experiment with 
Pie@ero—-stimulation. Usanea his néwly invented voltaic cells, 
Mme spifared thewpessibility of using direct currents as 
a possible means of communication [Ref.6]. Upon connecting 
a battery of 30 or 40 "couples," he closed the switch and 
produced a D.C. current between two metal rods which he had 
inserted into his ears. He reported "a jolt in the head," 
after which he heard a noise like the "boiling of soup." 
Peperenviy tne experienc was unduly -uncomforvavlie, for 
welcta dite net purete it further. 

tires oo Oey, the basis of current research was 
Powe tonce. Wever and Bray first des@eribed certain elee- 
Panecal phenomena occurring in the accoustic nerve during the 
mere Of audivpery Stimuli. This®efPect "eonswsts of a 
voltage waveform at a frequency corresponding to that of 
the stimulating sound. With amplification, speech is repro- 
duced, and the voice of the speaker can be recognized. They 
concluded correctly that it was dependent upon the function- 
ali=anvecrity of the cochlea. Their now classic experiments 
involved surgieally implanting»electrodes in the inner ear of 


a live cat, and then using the cat's ear as a microphone to 





Orive ee lema specakcresysiem atwan Accoustical Engineers 
convention [Ref.7]. 

Davis and Saul followed the work of Wever and Bray and 
were able to show that the cochlea, not the accoustic nerve 
was the origin of these "cochlear microphonics." [Ref.8] 

Many of the electromechanical transducers found in 
nature (Pizzo-electric crystal) are, in fact, reversible. 
With this point of view Stevens [Ref.9] in 1937 attempted to 
externally stimulate the cochlea with a voltage waveform. 
Pe@etecct in early attempts at external stimulation was that 
Girect current was used. With A.C. currents Stevens was 
able t@ simulate audition and established the first 
thresholds for "electrophonic hearing." 


an Wee # 
Neer NA ny Ly A 


Sismeawememe appli 
Malt molar salt solution, inserting a small brass electrode 
into the solution, and strapping another electrode (a brass 
plate) to the wrist with a conducting paste. Tne electrode 
on the wrist, called the indifferent electrode, was connected 
to ground. This procedure was called the "Brenner Method." 
The sounds heard by Stevens and his researchers were 
Peer weoucecvomlarce amounts of distortion caused by the pre- 
dominance of second harmonics. Ir 1939, Stevens observed 
wet OO meer vine 2 pOSitive D.C. potential to the active 
ediectrode, the power of the second harmonic could be reduced, 
and that of the fundamental increased reducing the distor- 


bien Ereagly. & negative DC. potential to the active 


electrode had the opposite effect [Ref.10]. 
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VOLTAGE ACROSS MIDDLE EAR (VOLTS) 
; oO 


Se 


Replacing the test oscillator with a ele O29 Withmeno 


polarizing voltage, the observer heard Seeec a5 “an unince | — 


ligible sequence of sounds. Bugis MS'00n as ay Dic. poten- 


tial of about +1.5 volts was applied, the speech became clear 


and understandable [Ref.10]. 
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Frequency vs. Voltage for Threshold of Hearing 
Using Brenner Method. 
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Meee rere wily see@apes Wow the electrical threshold 
varies with the perceived frequency. The upper curve shows 
the voltage across the middle ear needed for the observer 
to hear the second harmonic when the fundamental has been 
smepressed by a negative D.C. polarizing voltage. The 
abscissa shows the frequency perceived under these condi- 
tions (the applied frequency was always an octave lower). 
Tne lower curve shows the voltage needed for the observer 
Pemniear the fundamental trequency component when a positive 
D.C. polarizing voltage of 1.2 volts is applied between 
the electrodes, in which case the applied frequency is in- 
dicated by the abscissa. The Brenner method was used in > 
mis experiment . 

In 1940 Jones, Stevens, and Lurie demonstrated that 
when an A.C. signal is passed through the head via a salt 
solution in the external ear canal, a normal observer hears 
aecone whieh 1s related to thé stimulus by a square law 
[Ref.11]. That is, if the sound heard is interpreted in terms 
of motion of the tympanic membrane, then the displacement 
Ci ene Memorane is proportional to the square of the 
instantaneous voltage. 

These writers suggested the hypothesis that the cavity 
formed by the middle ear acts as an electro-static trans- 
amecer. “irs niypothesis accounted for the square law re- 
Seense semi or Certain quantitative aspects of the results. 
Tats idea has to meet the objection, however, that persons 


without tympanic membranes are able to hear by electrical 


ae 





Suamulacion. In order to determine the relation between 

the hearing of normal subjects and those lacking tympanic 
membranes, 18 ears lacking tympanic membranes were stimu- 
Waved Clectrically. Eleven ears heard pure tones corres- 
Pomarae 1 piven to the frequency ot the applied voltage; 
seven heard a puzzling noise whose character was roughly 
independent of the stimulating frequency. Examination 
showed that the pure-tone response in the operated ears 

was purely linear, independent of D.C. bias in contradic- 
(env OuLne GUuadravic response of normal ears. Hence, 

Mmeeer Cleectrical svtvimulation normal and operated ears hear 
Preemie ans Of CWO distinetiy different mechanisms. The square 
baw response in normal ears 1s apparently mediated by an 

Re Marken oae.  Wiemrineareiec — 
sponse in operated ears may well be due to direct stimulation 
Si eune COenlear openings. 

Fvidence was also presented that direct stimulation of 
Che auditory nerve, bypassing the cochlea, results only in 
random noise, independent of stimulus frequency [Ref.11]. 

Kellaway during research in 1940 determined: 

1. Monaural beats may arise when an electrical anda 
NEC MMmecetmeramilis are aoplied to the same ear. 

e. the psychological attributes ascribed to the sen- 
sations produced by the interaction of two stimuli (beats) 
with varying degrees of difference in their frequencies are 
essentially similar whether two mechanical stimuli or a 


mechanical and an electrical stimulus are used. 


eo 





3. When a mechanical and an electrical stimulus of 
identical frequency are applied to the ear, it is possible 
To, cancel the one by adjusting the phase and intensity of 
the other [Ref.12]. 

These observations lead Kellaway and others to con- 
clude that the two types of stimuli, mechanical and elec- 
piercal , activate the same cochlear elements SMG eumat cme 
Po@evaoutes force isMmechanical in both cases. 

Probably the most significant name in recent research 
Of audition is that of Georg Von Bekesy. He was awarded 
the Nobel Prize in 1961 for his studies of the "traveling 
ee in the interior of the cochlea. 

In 1950-1952 Bekesy made great strides in investiga- 
Meeescne Clectropnys:ology of the cochlea. His results indi- 
eato-asvulay Che —endolymonm iS Surrounded by an electrically 
i@emlatving layer and that the inner part of the Organ of Corti 
mo messy complevely protected from external electrical fields. 
The only areas not so insulated are the round and oval win- 
dows [Ref.13]. He also indicated that for parts of the cochlea 
Meet etinese UwO Windows Che cochlear tube can be considered 
electrically as a transmission line [Ref.14]. 

This would seem to indicate that to induce electrophonic 
hearing we must couple an electrical signal either directly 
Cr inGiegeetikyeto tne round and oval windows. 

PIOCGOrp, working at Harvard under a Navy contract in 
1952 researched and tabulated five separate phenomena associa- 


ted with electrophonic hearing by means of an externally 
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applied stimulus [Ref.15]. He was the first to seriously 
research the "fricative" effect. With a moving electrode on 
Wiesner on the roof of the mouth the observer receives a 
meh Suromger sensation of hearing. Other configurations 
imemmaeasa large area electrode on the head, either wet or 
Gay: whe wsual salt sobution filled ear with immersed elec- 
broge; an electrode in contact with mucous tissue inside 
middle ear; or an electrode in contact with epidermis of 

the meatus. 

hes trecules imdweaved that the hearing of a tone under 
any of the above five conditions is probably due to vibra- 
tions set up outside the cochlea, although there appear to 
bemear lLoast four different transducing mechanisms. Contrary 
Ten Ppre@uous seesSearcn he surmised the tympanic membrane not 
Pectin olvead Anweene conversion of electrical energy into 
mechanical vibration. 

In 1964 Puharich and Lawrence documented another method 
of stimulation first investigated by Stevens in 1937. They 
amplitude modulated a 100 KHz carrier with successful re- 
eo o einem lOO KHZ carrier apparently performed the same 
biological function as the D.C. bias [Ref.2]. 

They named their process "Transdermal Stimulation" and 
now manufacture amplitude modulated research instruments 
Ue 2a eteerroees covered With Milar (capacitively coupled), 
With audio thresholds for single tones in the OSes ener 


i= ade eee 
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Sommer and Von Gierke took a hard look at "transdermal 
stimulation” later in 1964 in a study of the hearing pheno- 
mena in electro-static fields. In this study the head or 
parts of its surface were exposed to an audio-modulated 
alternating electro-static field with and without a super- 
mmpesea YaC. Tield. ihe threshold data collected indicates 
@m@ere 15 no other auditory stimulation excepting mechanical 
bmosue €xCitation by the electro-static forces produced by 
smeh fields [Ref.16]. 

In 1964 Harvey and Hamilton, following the research of 
Sommer and Von Gierke, presented data indicating strongly 
that the mechanism of hearing in an amplitude modulated 
malo Irequency "fwelad consists only of bone conducted tis- 
Pee tom avt Ons GO Lie cocnlea produced by the electro- 
mechanical pressures in the field [Ref.17]. 

Pe iMimer, Of =omemnaval Postgraduate School, built his 
"Transdermaphone" in 1968. This device based on the research 
Geet uUharich, Utrlizea an amplitude modulated 100 KHz carrier, 
mee iias een Weea tO GCemonstrate and research several of the 
existing phenomena [Ref.4]. 

Returning to the non-AM configuration, the Naval Air 
wWeveloomeme cenver of penta ilveM™=Pennsyivania: developed 
the Wien ™imetate 1969. THis was possibly the first 
attempt to incorporate the basic phenomena into a 


CommuUns Cations system Ref. 3]. 
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IV. DISCUSSION OF PREVIOUS EXPERIMENTAL RESEARCH 


imene alteoremenctioned research the efforts were in large 
Part an attempt to find an external system to simulate 
audition by using electrodes on or near the head. 

Reviewing the basic design parameters of these investi- 
Poarnons tLwe major groups of nereigloles were observed and are 


indicated below. 


fe SbAcmc TYPES OF BEECTRICAL SYSTEMS 
i éue@ao Frequency Stimulation System 
With one exception all experimental systems of this 
Eueeceimadacated that the response to stimulation by audio fre- 
Quencies resuit in large amounts or distortion produced by 
second harmonics. The exception is in the case where the 
observer has no tympanic membrane, and via the Brenner me- 
thod is abie to have the electrical signal impinge directly 
Peem ene round and oval windows. This is probably the only 
case of true inverse cochlear microphonics. 
ew wemomereoquency otimulation Plus a D.C. Bias System 
It can be shown mathematically [Ref.4] that if the 
head is considered a dielectric between two plates (elec- 
trodes) of a capacitor with one plate to the ground that the 
eae relONwoteapositvive D.C. bias to the active electrode 
will enhance the fundamental and reduce the second harmonic 
WitmowiocdUemuly themdistortion. A negative D.C. bias has 


Ee wOpDpOSibe effect. 
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3. M@acgno Modulation of a Ra@dio Frequency System 
Apparently A.M. produces the same biological CrmeoL 
in stimulation as does the D.C. bias. Additionally, however, 
mais ivereates that there must be a biological detector that 
Peeves FACeSiemel Primer To the reception of the stimulus. 
4. Audio Frequency Plus an A.C. Bias 
This pwevaously untested method involves the linear 
addition of the audio Signal to a constant radio frequency. 
Experiments indicated that this system was no more 


eevanvaseous thanwavydio with a D.C. Dias. 


B. BASIC ELECTRODE CONFIGURATION AND COMPOSITION 
ee Capacivagemeecoupled Electrodes 
These SNC edes , mostiy metal, covered with some 
Gielectric, evoked undistorted audition when used with a 
positive D.C. bias to the active electrode or amplitude 
modulation. 
The input power to the head with these types of 
electrodes is in all cases on the order of 1 watt. 
2. Bare Electrodes 
By using bare electrodes (uninsulated) the magnitudes 
of voltage and amperage needed for stimulation were greatly 
reduced. In the majority of cases, however, the threshold 
Of pain 1s below the threshold of hearing. Among the many 
experiments, only Flottorp [Ref.16] recorded significant 


results using bare electrodes. 
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5.) lice: Coupled Hiecrtrodes 

In electrical systems the carrier of charges is the 
electron. In biological systems the charge carriers are ions. 
Burn bawe electrodes the conversion Of charge carriers from 
electrons to ions must take place in the interface between 
mae electrode and the skin. 

As indicated by Dr. Marmont of the Naval Post- 
migaeudve=5chOOl> tumeanm be shown, that dependent upon the 
meeotwea) Of the Clleetwode, a gas or fluid barrier can build 
Mem beumecn the GClectrode and the skin. This fact is borne 
Our by several scientists who indicate the decrease in 
stimulus with lil Mi mmanoltCa wit mebare Cheecurodes . 

Conseouecteia eco bypass Chis problem, direct coupled 
SWectrodes wnich convert etectrons to ions prior to reaching 
the skin/electrode interface were fabricated. They consist 
of a chemically pure silver disc, plated with silver chlo- 
ride. The silver chloride provides an abundant supply of 
Poboride 10newtGrevransmassion into the biological medium. 

These types of direct coupled electrodes have been 
dubbed ionic electrodes. See Appendix A for fabrication 
details. 

An observation of Somione ern WheLCh= p17OVecm ne 
Dove "slemmetieamce 16 that almost without exception, 


elleepreodes were consistently used in identical pairs. 
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V. EXPERIMENTAL PROCKDURES AND RESULTS 


Gathering the variables and parameters of the previous 


PMivest@eators, a table was made of the possible combinations 


and permutations. A systematic theoretical investigation of 


the most interesting cases followed. 


The factors considered were: 


le 


Ae) 


moe of Ssysvem 

a2, Pure Audio 

Biwe AUCTO pits b.C.. Bias 

Cc, vhudwomiiodumation of Ril. Carrier 


Cece aiomeis oh, i, 


a. Voltage Levels 
b. Current Levels 
GC. rrequency 


d. Percent of Modulation (when present). 


The major number of variables arises from the myriad of 


Getiete CeoWumeyorems Used CO Couple the electrical signal to the 


head. 


3. 


Briefly: 


BlCcrrodes 

B00 Sivas 

Cea Oodeacuerressure 
ew Locarion 

Gd. JNieieier 


Cr COM rar sr a t 1 Or) 
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fife oa pe 
foe COMpPOS1 520M, 

The theoretical combinations were compared and screened 
mLcanGneemesulvine list Ofeproposed experimental 
combinations 

1. System (3 types) 

a. Amdtvowmnmd D.C. bars 
be All Wie Ke carrier, = 50% modulation 
ec. Audiogemps i1c0 ke 

eo. Total Power dnput to the head was to be limited to 
Svs iinet os ingany reasonable combination of voltage and 
emm@ereace., consistent with low power requirements. 

3. Electrodes, two 3/4" dises, stationary (5 types) 

a. Direct Coupled Ionic, wet or dry (2) 

Ob. Capactramety Coupledjcovered with 1/2 mil milar(2) 

c. Capacitively Coupled, aouewaé Wervice ) mi leemddbear i(2) 

d. Bare Metal (2) 

eee ne wlenite s Wet Or drymaeo ground and one 
capacitively coupled electrode covered with 1/4 mil milar. 

4. Electrode Location (3 configurations) 

ieeeiorward Of each ear 
Spemesecmi nd “each ear 


ec. One electrode behind ear and one electrode to neck. 


ARC meuuemnes DUMIT Co Grave the lzsted combinations; its 


Scmenaule Lseonown in Appendix B. Skinner's Transdermaphone 


ob 





mes Used in the tests involving AM with capacitively coupled 
eleetrodes. The schematic of this device is shown in Appen- 
eee. Iie Is erumenoactonm wsed for the observations and 
mecording ©f data is shown in Appendix D. 

Use ene Vaertous Ccembinations of indicated parameters, 
Ciemimlegomemy. Of Drevytousl!y Successful experiments were per- 
homie. the Synvuhestzed circuits proved to be very versatile 
ena successful in driving the many different types of 
PreCerodcs . 

The wet ionic electrodes, wnen used as a pair, lowered 
the input impedance of the head an order or magnitude.< 
Hemever, the thresaold of pain was well below the threshold 
of hearing, in all four basic systems. 

Mromedercel On Of "audio plus REF bias proved no more 
MimCrcipermian-audmomniis a D.C, bias. 

Mima I Nceasecoupmacine the electrodes behind the ears 
Speemeved tae Dest Destes . 

Configurations using a D.C. bias showed that a positive 
D.C. bias to the active electrode improved the systen, 
whereas a eae ae D.C. bias degraded it, which bears out 
earlier experiments. 

At the end of the tests, with post combinations yielding 
Mererive results, one combination was obserwmea to be markedly 


lower in botn amperage and voltage required for audition. 


< Rg = 2192 = 71.4 nF 


Be 





ii sayoeeie was aleanore salenat plus D.C. bias,with one 
Gry tonic electrode, and one capacitively coupled electrode 
using a 1/4 mil milar dielectric. Both electrodes were 
placed behind the ears. | 

litieseyrtevyine® previous sexperimental work, it appears this 
combination has been overlooked. Researchers have apparently 
Miorwed Withspairs of bare, or dielectric covered electrodes, 
mat nNOGMwath one of eaecn. 

foes Immediavelysebvio0us that this was an interesting 
Ceara euravion, Since tae initial threshold determination at 
6 KHz was 1.4 V¢ RMS) > 4OUV( RMS) » ange 50.0 Wl Wwauee. Whee is 
approximately 45 db below the power required by the 
transdermaphone and the NAACH. 

es veneerd audvomceg@el generator was found to provide a 
stimulus well in excessewof that needed. Hence, the 
exwperetmem@eal circuitry Wwaswereduced drastically. The revised 


system ana its components are shown below. 













DC 
POWER 
SUPPLY 


aa AO = (OME: 


weil, 
MILAR 


IONIC 
PeSCL RODE 


Figure 9. Electrophonic Effect with Low Power Mode 
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Subsequent tests were run on Someas Observers TO 
gain knowledge as to the threshold levels. The composite 
average. threshold for 18 normal ears is shown in the 


following graphs. 


CURRENT (4A) RMS 





FREQUENCY (KHz) 


Figure 10. Current vs. Frequency for Rilecuropnem.c Eifecu 
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VOLTAGE (VOLTS) RMS 


20 


10 


AJ] 





FREQUENCY (KHz) 


Figure ll. Voltage vs. Frequency for Electrophonic Effect 
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Current is the major parameter in most biological elec- 
Mievecal sysuems. This @s\bemmceout in the graph of threshold. 
Prom = 2c5>0"hz to 10 HAZ the eurreny required for threshold of 
Sesingle Comes 1s = 2oyaeinwerder to have enough power margin 
toma lem eid Ol ee mueneres. cle =amolifier built for the 
desired receiver was a 500 pA constant current amplifier 
[App.E]. 

Results of the receiver were good to excellent. Speech 
and music were easily and well recognizable. A slight tin- 
niless was observed due to the attenuation of frequencies 
wemow 250 Hz. 

the magnitude of the perceived sound was such that it could 
be masked by background noise. Further development Ls mec 
mesary tO Getermane the key varameters and to est 
eade Olls fOr Waesnttude Optimization. Further research is 
mcreavead tO €Staghiam the nature of the biologically 
eependent transduction at the surface of the skin. 

tims Lo has Ceeieshown that US2ne an extremely Sap beac mi. — 
Pelee cil ome cCrOWales Of power, that a small self 
contained electro-aural transducer can be built. 

The applications are obvious and immediate. They range 
from the possible replacement of the standard Navy headset 
CO the pessibile replacement of all types of bone conduction 


hearing aids. 
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VI. SUMMARY 


A. NEW RESEARCH OF THIS PROJECT 
i. Aucie Vand whadtomimeguency Addigion 

This type of biasing, similar to that of tape re- 
corded systems yielded results very similar to that of audio 
ees a D.C. bias. 

e. tonic Electmoges 

Wet Ag°eAgCl electrodes, when used as a pair, by- 
Persea, in large parvu, eel wourrace impe@ance and capacitance 
Oi, the) sicin. 

By saturating the skin with a KCl solution and apply- 
ing the wet electrodes, the impedance of the electrode skin 
Pig@eriraee is re@weed toa point approaching that of the 
impedance of implanted electrodes. 

Peevecmemmemucmmtnar, in allveases using the ionic 
SleGu@Re@ces AS a pair, the electrophonie effect ceased to exist. 
This indicates tnat the location of the electrophonic effect is 


the top layers of skin, the dermis and/or edpidermis. 


B. THE ELECTROPHONIC MECHANISM 

Tiewicehiamson et eleéctrophenic hearing can be compared 
to the electro-static action of a capacitor whose plates are 
separated by a variable distance. Under the influence of an 
alternating current the plates of the capacitor will imere 


at the frequency of the applied current. 
Using pairs of identical electrodes to the head, as in 


previous research, the comparison of the electrode/head 


Sif, 





SvoGem toutmateot ai Clechme-static capacitor is shown 


below: 





ELECTRODES 
SIGNAL 
ahieoeT 
SIGNAL 
ne UT 
CAPACITOR 
PLATES 


Pigurve l2., Capaeuror Analogs Using Pair of 
Capaecnv ve Piecvrodes 


Ustne the Comommagicn cf idonie and capacitively coupled 
p 


erecprodes, theusenecuecomoarison 1S shown below: 







1/4 MIL MILAR DI RE@L COUPLEB 
METAL fot C Sie CRO 
EoECLRODE | 


SIGNAL 





iE Ue 


SIGNAL 









by eglUBe 





DIELECTRIC CAPACITOR PLATES 


Piguieewiee capacitor Analoc Usinge Hybrid Pair 
rca Lonic Hlectrede 
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The mechanical vibrations of the capacitor are dependent 
upon the magnitude of the applied signal and the attendant 
eer heat mem. 

The field varies directly with the distance between the 
piveires, ommibhne thickness of the dielectric. 

Bywusm@neevhe hyeeia electrode system, the thickness of 
Vite seme Loet ric ies beem reduced from the width of the head to 
1/4 mil. This large decrease in dielectric thickness allows 
a Cerrespon@iings Weree decrease in cwrrent magnitude required 
tO prevederta PTieldwadequate to causem=vibrations, and, 
Subsequently, audition. 

ima) Seon neatirormmens bested beat frequencies could be 
observed when one signal generator provided an electrophonic 
Somnus while nethermsipnal fencravor, at a sligntiy 
differmemm frequemey , Te conmected toma speaker. 

Tits Seiciesvcommmar both the electrephonice signal and 
the pressure wave from the speaker activate the same cochlear 
clever tc. tiasombemnaemihe case; it 1s conmeluded that the ba- 
Sac mechanism of the electrophonic phenomena is mechanical 
exCcClUaevonworstme top layers of skin in response to an elec- 
trical fitedsd and beme condwetive of these vabrations through 
the temporal bone causing mechanical motion of the same 


cochwiear ell'ementvers used in normedwehearing. 
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APPENDIX A 


PREPARATION OF IONIC ELECTRODES 


Lone Etecurog@=s are Bormed by placing silver chloride 
Snvomcil ver 

APepurneh was Used) te cut 0.75" diameter silver discs from 
aesM@et sor Sine retells 

The discs were placed between two pieceswof optical grade 
Stacse and WelpntCdmeoe Gacure flatness. 

Mmmeeleeuricalm@iteca was them soldered Go the disc.Heating 
ye SOwape™ cently oversee Bunsen burner removed the silver oxide. 

Clear dope was then applied to the lead and the lead side 
eesiow di SCewemeco ve umeme SOlLdered joint. This 1s necessary Vo - 
Peeper ne leedeew! Weom contaminating the plavinge process. 

Bakelite discs, with a hole for the lead were then glued 
Bnvo the Silver dmees Fo provide Strm@evural strength. 

The surracesm@merce prepared for plating bye cleaning with 
e commcreiat prademweslyer polish, followed by soap and water, 
aad fimally alcohol. 

ime dmses Gempe plated are tied to the positive terminal 
of a 4.5 battery and iINnservcummantlO 2 1 eae Sour ron Oi 
KCL or Wace. 

A clean silver strip is connected via lead wire (also 
covered with dope) to the negative terminal. 

Ceerentvewrenw ana placing a@euron will start ammediately. 

Approximately one minute is sufficient to Provide 


=> mel plaibe: 
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APPENDIX B. TRANSDERMAPHONE 
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APPENDIX C 


RADIO FREQUENCY PLUS AUDIO ADDITION 
(WITH OR WITHOUT D.C. BIAS) 
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APPENDIX C 


AMPLITUDE -MODULATION (WITH OR WITHOUT D.c. BIAS) 
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APPENDIX D 


INSTRUMENTATION 
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APPENDIX & 


ELECTROPHONIC RECEIVER 
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Figure 18. Constant Current Amplifier Schematic 
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- ABSTRACT 


The physiological sénsation of Nearing Gan be Stimulated by an 
alternating current applied to the head using small electrodes. 

The major disadvantages of systems of this type have been the large 
magnitude of driving voltage required, ~ 100 to 4000 volts, and the 
aot ween) PONCE esipaled 1h tmemmega.) ~ sla ui. | 

The objectives of the paper were to investigate the basic 
phenomena and to attempt to find a low power method for production. 

Previous successful experiments were réproduced during the 
basic investigation phase. Selected combinations of signal types 
and electrodes were then tested. 

An extremely low power mode of operation was found and docu- 
mented. Threshold values for a single tone were found to be in the 
order of 10uvA at 10uWatt making an extremely small low cost hearing 
aid a pOSSLDle@applacation. 
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